Introduction
============

Owing to the increased interest in nanomaterial toxicity, studies have been performed to evaluate the pathological effects of nanomaterials on human body. Previous reports have revealed the toxic effects of nanomaterials, such as oxidative stress, inflammation, growth inhibition, and apoptosis. However, high-throughput screening of biomarkers also is required because new nanomaterials with unprecedented structures and functions are constantly being synthesized, resulting in unpredictable toxicological responses.

High-throughput screening approaches, including gene arrays, RNA sequencing, and proteome analysis by two-dimensional (2D) electrophoresis and subsequent matrix assisted laser desorption/ionization time of flight mass spectrometry (MALDI-TOF) analysis, have been applied to identify the biological pathways affected by nanomaterials.[@b1-ijn-10-5513],[@b2-ijn-10-5513] These are efficient tools to identify molecular changes in extracts of whole cells or tissue, but the results include numerous molecular changes and sometimes lead to false-positive or false-negative results.

In most mammalian cells, portions of the plasma membrane are regularly internalized as endosomes, which become exosomes when they merge with the cell membrane and subsequently, are released into the extracellular space. The secreted exosomes can be transferred from one cell to another via membrane vesicle trafficking and may function in cell-to-cell signaling to affect signal transduction in recipient cells.[@b3-ijn-10-5513]--[@b5-ijn-10-5513] RNAs, proteins, lipids, and metabolites in exosomes reflect the physiological status of their cells of origin, suggesting that they can serve as reservoirs of enriched biomarkers to predict the progress of pathological conditions.[@b6-ijn-10-5513]--[@b9-ijn-10-5513]

Therefore, we propose that the analysis of exosomal content following exposure to nanomaterials can provide insight into their characteristic biological responses and allow us to focus on toxicologically potential molecules during biomarker screening. Because exosomes are present in the cell culture medium of primary cells and cell lines, as well as in various biological fluids such as blood and urine, exosome-based biomarker characterization could be applied to in vitro screening of nanomaterial toxicity.

Lead sulfide (PbS) has been used in recent years to study the quantum size effect by analysis of its structural, optical, and electrical properties.[@b10-ijn-10-5513],[@b11-ijn-10-5513] PbS quantum dots (QDs), with diameters \<10 nm and emission wavelengths in the near-infrared region, have been proposed as materials that could be applied in biomedical detection approaches.[@b12-ijn-10-5513] However, QDs can transfer energy to nearby oxygen molecules, which could induce reactive oxygen species generation, and thus lead to inflammation or carcinogenesis.[@b13-ijn-10-5513] Therefore, biosafety concern is an important issue in approaches using ultra-small QDs instead of organic dyes for cancer imaging and intracellular diagnostics.[@b14-ijn-10-5513] Reports have demonstrated that PbS QDs are toxic to fishes[@b15-ijn-10-5513] and rat neurons;[@b12-ijn-10-5513] however, the responses of human cells to PbS QDs have not been evaluated comprehensively.

In this study, PbS QDs modified by 3-mercaptopropionic acid (MPA) were synthesized, and their toxic effects on HEK293 cells were evaluated by utilizing an exosome-based screening approach. The exosomal miRNA and proteins significantly altered by PbS--MPA QDs were proposed as specific biomarkers, which were used to predict related biological processes that might have been affected by the treatment. The effects of PbS--MPA QDs on signaling in HEK293 cells were confirmed by cellular and molecular assays. In addition, the intensification of biomarker expression signals in exosomes in comparison with the parent cells was analyzed to verify the increased sensitivity of the exosome-based biomarker screening method.

Materials and methods
=====================

Preparation of PbS and PbS--MPA QDs
-----------------------------------

Moody et al[@b16-ijn-10-5513] have previously reported this procedure. Briefly, a solution containing 0.45 g of PbO (2.016 mmol), 1.5 mL of oleic acid (4.75 mmol), 0.165 mL of oleyl amine (0.502 mmol), and 18 mL of 1-octadecene was degassed in a 100-mL three-neck flask at room temperature for 24 hours under vacuum. Then, the solution was heated to 120°C under an argon atmosphere and was maintained at this temperature for 5 minutes until the solution color became clear. Another solution containing 10 mL of 1-octadecene was degassed in a 100-mL three-neck flask at 80°C for 16 hours under vacuum. After the degassing process, 0.213 mL of bis(trimethylsilyl) sulfide was added to this solution, and the solution was cooled to ambient temperature. The two solutions were then mixed using a glass syringe, and the combined solution was cooled to ambient temperature. The product was purified with acetone via two rounds of centrifugation at 10,000× *g* for 10 minutes each and stored in toluene.

PbS--MPA QDs dispersed in water were prepared by the exchange of oleic acid with MPA, a conventional water dispersant for nanoparticles.[@b17-ijn-10-5513] Briefly, 0.5 g of QD sample was washed and precipitated thrice with a solution of 50:50 methanol:acetone and dissolved in 12 mL of chloroform containing 0.25 g of MPA. This solution was stirred under nitrogen for 24 hours. The solution was then centrifuged to separate the hydrophilic nanoparticles and washed thrice in hexane. Excess organic solvent was removed from the dry product using vacuum and, subsequently, dispersed in phosphate-buffered saline (PBS).

Property analysis of synthesized PbS QDs and PbS--MPA QDs
---------------------------------------------------------

The morphology of the synthesized particles was analyzed using transmission electron microscopy (\[TEM\]; HF-3300, Hitachi, Tokyo, Japan) at an acceleration voltage of 300 kV. For TEM analysis, samples were dispersed in toluene, and a drop of this suspension was deposited on an amorphous carbon film copper grid at ambient air. The average particle size was determined by image analysis. The elemental analysis of the synthesized particles was performed by powder X-ray diffraction (XRD; Empyrean, PANalytical, Almelo, the Netherlands) using Cu K-alpha radiation at a generator voltage of 40 kV and a tube current of 30 mA.

After MPA treatment, the particles were reanalyzed using TEM, and the mean diameter of the MPA-coated particles dispersed in PBS was determined by dynamic light scattering (\[DLS\]; ZetaSizer NanoZS, Malvern Instrument, Malvern, UK). Fourier transform infrared (FT-IR) spectra were obtained using Nicolet iS10 (Thermo Fisher Scientific, Waltham, MA, USA). All spectra were averaged across 512 scans and reported in transmission mode relative to a clean gold surface.

Cell culture
------------

HEK293 cells (ATCC^®^ CRL-1573™; American Type Culture Collection, Manassas, VA, USA) and TCMK-1 cells (ATCC CCL-139™) were grown in minimum essential medium (MEM) (Thermo Fisher Scientific) supplemented with 10% fetal bovine serum (FBS) (Thermo Fisher Scientific). THP-1 cells (ATCC TIB-202™) were grown in RPMI-1640 medium (Thermo Fisher Scientific) supplemented with 10% FBS. AML12 cells (ATCC CRL-2254™) were grown in Ham's F-12K medium (Thermo Fisher Scientific) supplemented with 10% FBS. The cells were maintained at 37°C and 5% CO~2~ in a humidified incubator, and the medium was changed every other day.

Cytotoxicity of PbS--MPA
------------------------

To determine the cytotoxicity of PbS--MPA QDs, cells were seeded at a density of 1×10^3^ cells/well in 96-well plates in 100 µL medium and incubated for 24 hours. The cells were then incubated with fresh medium containing PbS--MPA particles at the intended concentrations (0--400 µg/mL) for 48 hours. Cells cultured in an equal volume of vehicle (PBS) were used as a control. To measure the cytotoxicity, the Cell Counting Kit-8 (CCK-8; Enzo Life Science, Farmingdale, NY, USA) was used in accordance with the manufacturer's instructions. Briefly, 10 µL of CCK-8 reagent was added into each well, and the plate was incubated at 37°C for 2 hours. The absorbance was detected at 450 nm using a Multiskan microplate reader (Thermo Fisher Scientific). The cytotoxicity was expressed as the percent cell viability relative to the viability of the control cells. All experiments were performed in triplicate, and the half-maximal inhibitory concentration (IC~50~) for growth inhibition was calculated using Sigma Plot version 12.3 (Systat Software, Inc., San Jose, CA, USA).

Isolation and characterization of exosomes secreted from PbS--MPA QD-exposed HEK293 cells
-----------------------------------------------------------------------------------------

The exosomes were isolated using ExoQuick-TC™ (System Bioscience, Mountain View, CA, USA), according to the manufacturer's instructions. Briefly, 10 mL of HEK293 culture media was collected after 0 µg/mL, 5 µg/mL, and 50 µg/mL PbS--MPA treatment and centrifuged at 3,000× *g* for 15 minutes to remove cells and cell debris. The supernatant was transferred to a sterile tube and 2 mL of ExoQuick-TC was added. The ExoQuick-TC/biofluid mixture was refrigerated overnight and then centrifuged at 1,500× *g* for 30 minutes. After centrifugation, the exosome pellet at the bottom of the tube was resuspended in 500 µL of PBS and used for further analysis.

The isolated exosomes were observed by TEM (Tecani™ G^2^ Spirit; FEI Company, Hillsboro, OR, USA) to identify the shape and the extent of dispersion. Prior to observation with bio-TEM, the samples were stained with methanolic uranyl acetate and lead citrate.[@b18-ijn-10-5513] The particle size distribution was analyzed by DLS.

Quantitative polymerase chain reaction analysis of exosomal and cellular miRNAs
-------------------------------------------------------------------------------

The isolated exosomes and parent cells exposed to 0 µg/mL, 5 µg/mL, and 50 µg/mL PbS--MPA were used for miRNA analysis. Small RNA isolation, poly-A tailing, and cDNA synthesis were performed using the SeraMir™ RNA Amplification Kit (System Bioscience). To normalize the sample-to-sample variation, control miRNA provided by the manufacturer was spiked into each sample, and after this step, the RNA Amplification Kit protocol was followed in accordance with the manufacturer's instructions. Small RNA concentrations were verified using an Agilent 2100 bioanalyzer (Agilent Technologies, Santa Clara, CA, USA), and 10 ng of small RNA was used for cDNA synthesis. The synthesized cDNA was diluted to 1:10, and 1 µL of cDNA was used in each quantitative polymerase chain reaction (qPCR) reaction. The global expression profiling of exosomal miRNAs was performed according to manufacturer's instructions using 380 miRNA-specific primers that were obtained from the human exosomal miRNA profiling kit (Cat\# RA820TC-1; System Bioscience) in combination with a universal reverse primer. qPCR was carried out in an ABI7900HT Real-Time PCR System (Thermo Fisher Scientific). Samples from three independent experiments were analyzed. The comparative threshold cycle (Ct) method was used to quantify the expression levels. The expression level (2^−ΔCt^) was determined by normalization to the control miRNA, and fold changes in expression from treated samples to untreated samples were calculated with the 2^−ΔΔCt^ method.[@b19-ijn-10-5513]

Exosomal proteome analysis
--------------------------

The isolated exosomes from 0 µg/mL, 5 µg/mL, and 50 µg/mL PbS--MPA were used for proteome analysis. Exosomes isolated from three independent experiments were pooled into one sample. The pooled exosomes were lysed with a solution containing 7 M urea, 2 M thiourea containing 4% (w/v) 3-\[(3-cholamidopropy)dimethyammonio\]-1-propanesulfonate, 1% (w/v) dithiothreitol and 2% (v/v) pharmalyte, and 1 mM benzamidine. Proteins were extracted for 1 hour at room temperature with vortexing. After centrifugation at 15,000× *g* for 1 hour at 15°C, the soluble fraction obtained was used for 2D sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE). Isoelectric focusing was performed using immobilized pH gradient dry strips (24 cm, Genomine, Pohang, Korea) loaded with 30 µg of proteins with a Multiphor II electrophoresis unit (Amersham Bioscience, Piscataway, NJ, USA) according to the manufacturer's instruction. Subsequently, gels were silver stained as described previously.[@b20-ijn-10-5513] Quantitative analysis of digitized images was carried out using PDQuest Ver. 7.0 software (Bio-Rad Laboratories Inc., Hercules, CA, USA). Protein spots that met the selection criteria were excised from the gels, digested with trypsin, and subjected to MALDI-TOF analysis (Microflex LRF 20; Bruker, Billerica, MA, USA).[@b21-ijn-10-5513] The search program MASCOT, developed by Matrixscience (<http://www.matrixscience.com/>), was used for protein identification by peptide map fingerprint (PMF). Spectra were calibrated with trypsin autodigestion ion peaks *m*/*z* (842.510 and 2,211.1046) as the internal standard.

Cellular and exosomal protein expression analysis by Western blotting
---------------------------------------------------------------------

To identify the protein expression by Western blotting, the exosome and cell pellets were resuspended in 200 µL RIPA buffer (Sigma-Aldrich Co., St Louis, MO, USA) with protease inhibitor cocktail (Sigma-Aldrich) and incubated at room temperature for 5 minutes to allow complete lysis of exosomes. Next, Laemmli buffer (4% SDS, 20% glycerol, 10% 2-mercaptoethanol, 0.004% bromophenol blue, 0.125 M Tris--HCl, pH 6.8) with β-mercaptoethanol was added, and SDS-PAGE was performed following the procedure described by Laemmli.[@b22-ijn-10-5513] The proteins separated by SDS-PAGE were transferred to a polyvinylidene di fluoride membrane using a transfer apparatus according to the manufacturer's protocols (Bio-Rad Laboratories Inc.). After incubation with 5% nonfat milk in tris-buffered saline and tween 20 (TBST) (10 mM Tris, pH 8.0, 150 mM NaCl, 0.5% Tween 20) for 60 minutes, the membrane was washed once with TBST and incubated with antibodies against target proteins at 4°C for 12 hours. Membranes were washed thrice for 10 minutes and incubated with a 1:3,000 dilution of horseradish peroxidase-conjugated anti-rabbit antibodies for 2 hours. Blots were washed with TBST thrice and developed with the ECL system (Amersham Biosciences) according to the manufacturer's protocols.

For CD63 and CD9 expression analysis, rabbit anti-human CD63 and CD9 antibodies (1:1,000) were used (ExoAb Antibody Sampler Kit, System Bioscience). To measure leucine-rich repeat-containing protein 23 (LRRC23) and keratin 5 (KRT5) expression levels in exosomes and parent cells, rabbit anti-human LRRC23 and anti-human KRT5 antibodies (1:1,000) (Abcam, Cambridge, UK) were used. The exosomal and cellular protein expression levels were normalized to CD9 and β-actin expression, respectively. The fold changes for upregulated samples were determined by the ratio of the expression levels for treated to control samples. In the case of downregulated samples, the fold changes were determined by the ratio of the control to treated samples and expressed as negative values.

Samples from three independent experiments were used in this analysis. The relative expression level was determined using an image analyzer (UN-SCAN-IT Ver. 6.1; Silk Scientific Corporation, Orem, UT, USA).

Analysis of DNA damage activity by comet assay
----------------------------------------------

HEK293 cells were plated at a density of 2×10^5^ cells/well in six-well dishes. After treatment with 0 µg/mL, 5 µg/mL, and 50 µg/mL PbS--MPA QDs for 48 hours, cells were trypsinized and analyzed using the Comet SCGE assay kit (Enzo Life Science) according to the manufacturer's instructions. Briefly, cells were embedded in agarose on a glass slide. Cells were maintained in lysis buffer (2.5 M NaCl, 0.1 M EDTA, 10 mM Tris, 1% sodium lauryl sarcosinate, and 1% (v/v) Triton X-100) for 1 hour at 4°C. Slides were then incubated with alkaline electrophoresis buffer (10 M NaOH and 200 mM EDTA) for 60 minutes to allow the DNA to unwind. Subsequently, electrophoresis was carried out for 30 minutes at 300 mA. Next, the slide was immersed in 70% ethanol for 5 minutes, air dried, and stained with Hoechst dye (Enzo Life Science). For quantification, comets on each gel were observed using a fluorescence microscope (Leica Microsystems, Wetzlar, Germany) and classified according to the relative intensity and shape of fluorescence.

qPCR for cellular mRNAs
-----------------------

RNA extraction was performed using TRIzol reagent (Thermo Fisher Scientific). RNA cleanup was performed using the RNeasy Mini Kit 50 (Qiagen NV, Venlo, the Netherlands). cDNA synthesis was performed at 37°C for 60 minutes with 100 ng RNA using random hexamer primers and virus reverse transcriptase (GibcoBRL, Karlsruhe, Germany). qPCR was performed using the LightCycler-DNA Master SYBR Green I Kit (Hoffman-La Roche Ltd., Basel, Switzerland) according to the manufacturer's instructions with an ABI7900HT Real-Time PCR System (Thermo Fisher Scientific). Measurement of gene expression was performed for target genes using human-specific primers purchased from Exiqon (Vedbaek, Denmark). The relative quantity of the target mRNA was normalized to an endogenous gene (glyceraldehyde 3-phosphate dehydrogenase). The fold changes in RNA expression were calculated using the 2^−ΔΔCt^ method.

Statistical analysis
--------------------

To select differentially expressed miRNAs, a *P*-value of \<0.05 for expression level and a fold change of \>3 in samples treated with 50 µg/mL were defined as the selection criteria. For all experiments, data from three independent experiments were analyzed using the Student's *t*-test and are reported as mean ± standard deviation. Sigma Plot version 12.3 was used (Systat Software, Inc.) to determine the *P*-values, and a *P*-value \<0.05 was considered statistically significant.

Results
=======

Properties of the synthesized PbS and PbS--MPA QDs
--------------------------------------------------

[Figure 1](#f1-ijn-10-5513){ref-type="fig"} shows the physicochemical properties of the synthesized PbS and PbS--MPA QDs. Based on the TEM images shown in [Figure 1A](#f1-ijn-10-5513){ref-type="fig"}, the PbS QDs were extremely monodispersed in size and shape, and the particle size was determined to be 2.15 nm (n=92) by image analysis ([Figure 1B](#f1-ijn-10-5513){ref-type="fig"}). XRD analysis of the PbS QDs showed that the synthesized particles were composed of PbS compounds (JCPDS 03-065-0692 and ICCD-5-592) ([Figure 1C](#f1-ijn-10-5513){ref-type="fig"}).[@b23-ijn-10-5513] For biological tests of the PbS QDs synthesized in this study, the hydrophobic particle surface was exchanged with MPA to allow the particles to disperse in water. After the particles were coated, the TEM images showed particle agglomeration ([Figure 1D](#f1-ijn-10-5513){ref-type="fig"}). The hydrodynamic diameter was determined to be 223±11 nm via DLS analysis ([Figure 1E](#f1-ijn-10-5513){ref-type="fig"}). The aggregation of the PbS--MPA QDs was attributed to the negative charge (−8.43±4.89 mV zeta potential) of the MPA on the particle surface. It has been reported that small molecules carrying a net charge, such as MPA, tend to contribute to aggregation of QDs in buffers, resulting in increased hydrodynamic diameter.[@b24-ijn-10-5513]

Immobilization of MPA on the PbS QDs was confirmed by FT-IR analysis. As shown in [Figure 1F](#f1-ijn-10-5513){ref-type="fig"}, the conventional spectrum of the PbS QDs was similar to that reported in a previous study.[@b25-ijn-10-5513] Ligand exchange from oleic acid to MPA on the PbS QD surface was clearly observed ([Figure 1G](#f1-ijn-10-5513){ref-type="fig"}). After MPA treatment, the intensities of the peaks for C--H stretching vibrations (2,924 cm^−1^ and 2,857 cm^−1^) were decreased dramatically due to the removal of 1-oleic acid, which has a long hydrocarbon chain, from the surface of the prepared PbS QDs and its replacement with MPA, which has a short hydrocarbon chain. The --SH moiety signal was not detectable by FT-IR. Similar FT-IR analysis results have been reported previously using QDs with surfaces modified by MPA.[@b26-ijn-10-5513]

Cytotoxicity of PbS--MPA
------------------------

Following exposure of HEK293 cells to 2 µg/mL, 6 µg/mL, 25 µg/mL, 100 µg/mL, and 400 µg/mL PbS--MPA, cell proliferation was decreased to 97%, 85%, 63%, 38%, and 38%, respectively, compared with that of the control cells ([Figure 2A](#f2-ijn-10-5513){ref-type="fig"}). The IC~50~ of PbS--MPA was 43 µg/mL. The cytotoxicity for human monocytic THP-1 cells was tested to provide data for toxicity in circulating cells in human bloodstream. For comparison, cell proliferation following exposure of mouse TCMK-1 and AML12 cells to PbS--MPA was also measured. PbS--MPA was cytotoxic to TCMK-1 and THP-1 cells at a concentration of 150 µg/mL ([Figure 2B](#f2-ijn-10-5513){ref-type="fig"}). The IC~50~ values of PbS--MPA in TCMK-1 and THP-1 cells were 127 µg/mL and 132 µg/mL, respectively. In contrast to the human-originated cells, the AML12 mouse cell line was not affected by PbS--MPA QDs at concentrations as high as 150 µg/mL ([Figure 2B](#f2-ijn-10-5513){ref-type="fig"}).

The PbS--MPA QDs prepared in this study induced severe cytotoxic responses in HEK293 cells compared to those reported in several previous studies using PbS nanoparticles, although the results could not be compared directly due to the divergent physicochemical properties of the tested particles and differences in test methods. The IC~50~ value of PbS nanodendrite in *Saccharomyces cerevisiae* was 708 µg/mL.[@b27-ijn-10-5513] In embryonic zebrafish, 3-mercaptopropanesulfonate coated PbS nanoparticles caused 20% cell mortality at a concentration of 10 µg/mL and 100% cell mortality at a concentration of 160 µg/mL.[@b15-ijn-10-5513] The mortality of Panc-1 cells treated with PEGylated phospholipid micelle-encapsulated PbS QDs at a concentration of 250 µg/mL was 20% of that of control cells.[@b12-ijn-10-5513]

Isolation and characterization of exosomes secreted from HEK293 cells
---------------------------------------------------------------------

Exosomes were isolated from the culture media of HEK293 cells after they were exposed to PbS--MPA QDs at concentrations of 0 µg/mL, 5 µg/mL, and 50 µg/mL. The isolated exosomes were analyzed by TEM in order to study their morphology. The majority of the exosomes were observed in nanosized vesicles ([Figure 3A](#f3-ijn-10-5513){ref-type="fig"}). The image analysis indicated that the size distribution of the nanosized vesicles was nearly monodispersed and determined to be 28±3 nm (n=50). However, DLS provided a relative size distribution of the particles between 10 nm and 500 nm, and the hydrodynamic diameter was determined to be 109±84 nm ([Figure 3B](#f3-ijn-10-5513){ref-type="fig"}). A strong peak at 109 nm was attributed to exosomes released by the cells, but the smaller particle distribution around 10 nm was attributed to proteins. Peaks in the range of hundreds of nanometers were attributed to microvesicles. This result was comparable to that of a previous report on exosomes secreted from HEK293 cells (average hydrodynamic diameter of 70--80 nm in DLS).[@b28-ijn-10-5513] Western blotting analysis for the representative exosomal biomarkers CD63 and CD9[@b29-ijn-10-5513],[@b30-ijn-10-5513] confirmed that the isolated vesicles were enriched in the exosomal fraction.

miRNA expression in exosomes
----------------------------

To determine specific biomarkers that are up- or downregulated by PbS--MPA QDs, expression levels of 380 human miRNAs frequently found in cells were measured by real-time qPCR analysis, using a human exosomal miRNA profiling kit provided by System Bioscience.[@b31-ijn-10-5513],[@b32-ijn-10-5513]

The criteria for biomarker selection were 1) dose dependent increase or decrease following PbS--MPA treatment at 5 µg/mL and 50 µg/mL, 2) a change in expression of at least more than threefold following treatment with 50 µg/mL PbS--MPA QDs (in comparison with the untreated control sample), and 3) a statistically significant change in expression level in comparison with that of control sample (*P*\<0.05). Five miRNAs, hsa-miR-525-5p, hsa-miR-527, hsa-miR-532-3p, hsa-miR-548e, and hsa-miR-199a-5p, met the criteria and were proposed as exosomal biomarkers of exposure of HEK293 cells to PbS--MPA. [Figure 4A](#f4-ijn-10-5513){ref-type="fig"} shows the fold changes of the miRNA biomarkers for PbS--MPA QD exposure. All of the identified miRNA markers were down-regulated by PbS--MPA exposure in comparison to the control sample (2^−ΔΔCt^), with fold changes of 8.3×10^−4^--1.6×10^−1^.

To identify comprehensively the pathways and functions that might be affected by changes in the identified biomarkers, the biomarkers were analyzed using Ingenuity Pathway Analysis.[@b33-ijn-10-5513] As shown in [Table S1](#SD2-ijn-10-5513){ref-type="supplementary-material"}, organismal injury and abnormalities, reproductive system disease, and cancer were identified as the most relevant diseases and disorders for the miRNA biomarkers of PbS--MPA exposure. Based on the pathway analysis, we focused on the carcinogenetic function of the miRNAs decreased owing to PbS--MPA exposure. The representative functions of miRNAs related to carcinogenesis are summarized in [Table 1](#t1-ijn-10-5513){ref-type="table"}. Most miRNAs proposed as PbS--MPA biomarkers have been reported to suppress expression of target mRNAs, leading to enhancement of cancer progression (miR-525-5p,[@b34-ijn-10-5513] miR-527,[@b35-ijn-10-5513] miR-548e,[@b36-ijn-10-5513] and miR-199a-5p[@b37-ijn-10-5513]). It has been shown that miRNAs generally are downregulated in cancer,[@b38-ijn-10-5513] and tumor cells often have reduced levels of mature miRNAs as a consequence of genetic loss, epigenetic silencing, defects in synthesis pathways, or widespread transcriptional repression.[@b39-ijn-10-5513],[@b40-ijn-10-5513] The results indicated that PbS--MPA-exposed cells secreted exosomes with reduced levels of cancer-suppressive miRNAs in the extracellular matrix.

Proteome analysis in exosomes
-----------------------------

The proteomes of the exosomes from the PbS--MPA QD-exposed HEK293 cells were analyzed with MALDI-TOF mass spectrometry following 2D SDS-PAGE. The 2D SDS-PAGE showed that levels of 121 proteins (identified as spots on the gel) were increased or decreased more than twofold in exosomes from cells exposed to 5 µg/mL and 50 µg/mL PbS--MPA QDs. Among these proteins, 29 were selected for MALDI-TOF mass spectrometry analysis to identify the proteins according to the following criteria: 1) concentration-dependent changes following treatment with 5 µg/mL and 50 µg/mL PbS--MPA QDs and 2) changes greater than threefold following treatment with 50 µg/mL PbS--MPA QDs (in comparison with the untreated control sample). [Figure S1](#SD1-ijn-10-5513){ref-type="supplementary-material"} shows the 29 spots in the 2D gels, in which 19 proteins showed concentration-dependent increases in expression and ten proteins showed concentration-dependent decreases in expression.

The 29 spots were excised from the gels and analyzed by mass spectroscopy to identify the proteins via PMF. Three proteins were matched with the MASCOT database for the PMF results and identified as leucine-rich repeat-containing protein 23, gi\|5901898 (LRRC23), keratin 5, gi\|119617038 (KRT5), and albumin-like protein (gi\|763431). A separate Western blotting analysis for these proteins to measure LRRC23 (increased expression) and KRT5 (decreased expression) expression in exosomes confirmed the results of the proteome screening by 2D SDS-PAGE and MALDI-TOF ([Figure 4B](#f4-ijn-10-5513){ref-type="fig"}). Therefore, LRRC23 and KRT5 were proposed as exosomal protein biomarkers for PbS--MPA QD exposure. [Table 2](#t2-ijn-10-5513){ref-type="table"} lists the known functions of LRRC23 and KRT5 with regard to cancer progression. LRRC23 expression increases in breast cancer,[@b41-ijn-10-5513] and KRT5 has been reported as a biomarker for various cancer types, including lung and breast cancers.[@b42-ijn-10-5513],[@b43-ijn-10-5513] Similar to the miRNAs, the protein biomarkers for PbS--MPA QD exposure also were related to carcinogenesis.

DNA damage caused by PbS--MPA QDs in HEK293 cells
-------------------------------------------------

Because cellular DNA damage is an indicator of carcinogen exposure,[@b44-ijn-10-5513] the comet assay (single-cell alkaline gel electrophoresis), which measures single- and double-strand breaks of DNA, was performed to support carcinogenic activity.[@b45-ijn-10-5513]--[@b47-ijn-10-5513] The intensity of the comet tail relative to the head reflects the number of DNA breaks in a particular cell.[@b48-ijn-10-5513]

Long comet tails extending toward the anode were observed for cells exposed to 5 µg/mL PbS--MPA QDs, which was attributed to DNA strand breakage and loss of supercoiled structure ([Figure 5A](#f5-ijn-10-5513){ref-type="fig"}). Positive control cells were exposed to ultraviolet irradiation (0.1 J/cm^2^) for 10 minutes to induce DNA damage. The cells exposed to 50 µg/mL PbS--MPA QDs showed a level of DNA damage similar to that of the positive control cells, as indicated by DNA adduct smears that surrounded the cells. To determine the extent of DNA damage by manual scoring, 50 randomly selected comets from each gel were classified according to the relative intensity of fluorescence in the tail.[@b49-ijn-10-5513] The comet tails were scored from 0 to 3, indicating undamaged (0 value) to maximally damaged (3 value) cells ([Figure 5B](#f5-ijn-10-5513){ref-type="fig"}). As shown in [Figure 5C](#f5-ijn-10-5513){ref-type="fig"}, the average scores increased with the PbS--MPA concentration in treated HEK293 cells.

To support the comet assay results, expression of p53, interleukin (IL)-8, and C-X-C motif chemokine 5 (CXCL5) (DNA damage-related biomarkers) were analyzed by qPCR. Pathways involved in DNA damage response can activate p53 for cell cycle arrest, which can be transient or permanent.[@b50-ijn-10-5513] If the p53 damage response pathway fails to protect against DNA damage, cancer progression will occur.[@b51-ijn-10-5513] Therefore, p53 is increased upon DNA damage, and combination of the comet assay with detection of molecular markers, such as p53, offers a comprehensive approach for the assessment of DNA damage in vitro.[@b52-ijn-10-5513]

IL-8 expression has been reported to be increased by DNA strand breaks[@b53-ijn-10-5513] and in renal cancer.[@b54-ijn-10-5513] CXCL5 is known to be increased in renal cell carcinoma patients, and this change in CXCL5 expression is accompanied by DNA fragmentation.[@b55-ijn-10-5513],[@b56-ijn-10-5513] In this study, p53, IL-8, and CXCL5 mRNA expression levels in HEK293 cells were increased significantly by PbS--MPA QDs ([Figure 5D](#f5-ijn-10-5513){ref-type="fig"}). These results suggested that PbS--MPA QDs could have carcinogenic activity related to deficient DNA repair, as indicated by the comet assay and molecular expression related to DNA damage.

Signal intensification in exosomal biomarker expression signals
---------------------------------------------------------------

The expression levels of exosomal biomarkers specific to PbS--MPA exposure were analyzed in the parent cell extracts and compared with those of the exosomal extracts to calculate the level of signal intensification that occurred in the exosomes. Cellular levels of hsa-miR-532-3p and hsa-miR-548e were decreased significantly in HEK293 cells exposed to 5 µg/mL and 50 µg/mL PbS--MPA QDs ([Figure 6A](#f6-ijn-10-5513){ref-type="fig"}). However, hsa-miR-525-5p expression was decreased significantly only following exposure to 50 µg/mL PbS--MPA QDs, and hsa-miR-199a-5p expression was not changed significantly following exposure to 5 µg/mL and 50 µg/mL PbS--MPA QDs. miR-527 was not detected in the parent cell extracts, including the control sample. These results indicated that the molecular signatures of the identified biomarkers were exosome specific and, thus, would not be measurable using conventional approaches involving cellular screening. Significant differences in miRNA expression profiles were previously reported between human cancer cells and the secreted exosomes.[@b57-ijn-10-5513]

When the fold changes of miRNA expression caused by PbS--MPA QDs in the exosomes and parent cells were compared, the signal intensification was calculated as 7--64-fold (ratio of cellular/exosomal fold changes from the data shown in [Figures 4A](#f4-ijn-10-5513){ref-type="fig"} and [6A](#f6-ijn-10-5513){ref-type="fig"}) following exposure to 5 µg/mL and 50 µg/mL PbS--MPA ([Figure 6B](#f6-ijn-10-5513){ref-type="fig"}). This result was attributed to the observation that the exosomal fold changes of miRNAs were decreased greater than that of cellular extracts, indicating that the exosomal signal would be more sensitive for detection of toxicological effects by exposure to PbS--MPA QDs.

[Figure 6C](#f6-ijn-10-5513){ref-type="fig"} shows the cellular levels of protein biomarkers. LRRC23 expression in parent cells was similar to its expression in exosomes following exposure to 5 µg/mL and 50 µg/mL PbS--MPA, but KRT5 expression in parent cells was increased by exposure to PbS--MPA QDs, which was opposite to the change in exosomal levels of KRT5 ([Figure 4B](#f4-ijn-10-5513){ref-type="fig"}). KRT5 levels increase in cancerous cells and, thus, it is accepted as a positive biomarker of cancer progression.[@b41-ijn-10-5513] Although KRT5 was selected as a biomarker via exosomal screening, its expression level in exosomes was not positively correlated with its cellular expression level. Previous reports have shown that changes in protein expression levels in exosomes do not always correspond with changes in the expression levels in their parent cells.[@b58-ijn-10-5513] Because of the limited information available on exosome biogenesis and regulation of exosomal composition,[@b59-ijn-10-5513],[@b60-ijn-10-5513] specific mechanisms responsible for differences in biomarker levels could not be explained, but it is known that exosomal content is highly regulated.[@b61-ijn-10-5513] Our results implied that increased KRT5 expression in cells might be required for cellular function, but not for transfer to recipient cells.

[Figure 6D](#f6-ijn-10-5513){ref-type="fig"} shows the signal intensification of protein biomarkers in exosomes compared to their parent cells (ratio of exosomal/cellular fold changes from the data shown in [Figures 4B](#f4-ijn-10-5513){ref-type="fig"} and [6C](#f6-ijn-10-5513){ref-type="fig"}). The fold change of LRRC23 expression was 2.4 times higher in exosomes following exposure to 5 µg/mL PbS--MPA QDs. The KRT5 showed downregulation in exosomes in contrast to upregulation in parent cells; thus, the signal intensification was expressed in negative values. In considering the absolute value for signal intensification in exosomes, the fold change of KRT5 was 1.4 times higher in exosomes than that of parent cells following exposure to 50 µg/mL PbS--MPA QDs.

Discussion
==========

Lead-based nanoparticle toxicity has been studied widely in recent years because these nanoparticles offer an excellent platform for theragnostic applications via coloading of hydrophobic drugs in the micelle core.[@b62-ijn-10-5513] The purpose of our study was to comprehensively evaluate PbS--MPA-induced toxicity in human cells by means of exosomal biomarkers. In this study, the miRNA and protein expression signatures in exosomes primarily indicated the possibility of carcinogenic activity of the particles, and this finding was supported by single-cell assays for DNA damage and qPCR analysis of molecular markers for deficient DNA repair, including p53, IL-8, and CXCL5.

Several reports have found that nanomaterials induce carcinogenesis. Zinc oxide nanoparticles induced epithelial hyperplasia of terminal bronchioles in rats.[@b63-ijn-10-5513] Multiwalled carbon nanotubes showed mesotheliomagenicity in rats.[@b64-ijn-10-5513] Exposure to single-walled carbon nanotubes has been associated with an increased risk of human lung cancer owing to the effects of chronic exposure on human lung epithelial cells.[@b65-ijn-10-5513] Cobalt nanoparticles increased carcinogenic risk following long-term exposure.[@b66-ijn-10-5513] Based on these previous studies and our results, carcinogenic activity should be given more importance while evaluating nanomaterial toxicity.

Exosomes are thought to be attractive sources to assess biological response induced by exogenous materials, because they are actively released from stressed cells to mediate cell-to-cell communication,[@b8-ijn-10-5513] convey information regarding cellular state,[@b67-ijn-10-5513] are highly stable in biofluids,[@b68-ijn-10-5513] and are enriched with pathological biomarkers.[@b69-ijn-10-5513] For example, metastatic factors are found in exosomes from several types of cancer cells, including human isogenic colorectal cells,[@b69-ijn-10-5513] breast cancer cells,[@b70-ijn-10-5513] and prostate cancer cells.[@b71-ijn-10-5513] Recent studies demonstrate that exosome contents can be important indicators of in vivo pathogenesis.[@b72-ijn-10-5513] Hence, exosomal screening was applied to identify the biological response of HEK293 cells to PbS QD exposure.

An additional advantage of the exosome-based approach in biomarker studies is the intensification of expression signals in comparison with those of parent cells, as shown in [Figure 6B](#f6-ijn-10-5513){ref-type="fig"}. The signal intensification measured by the ratio of fold changes in miRNA expression in cells to exosomes indicated that the exosomal response would be more sensitive than that of whole cells in miRNA screening, because the exosomal fraction is a narrower, but more specific, screening target pool to detect potential biomarkers. Intensification of miRNA expression signals has been reported in several recent studies.[@b73-ijn-10-5513]--[@b75-ijn-10-5513] However, the exosomal intensification effect on protein biomarkers was not as significant as its effect on miRNAs in this study. Further study is needed on the mechanism of miRNA and protein compartmentation into exosomes to explain the significant reduction of signal intensification of proteins compared to that of miRNAs.

Conclusion
==========

Toxicological effects of synthesized nanomaterials are important issues to determine where they can be used or not. PbS QDs have prominent potential for biomedical applications; however, the information on their toxicological effects has been limited. In this study, PbS QDs induced changes of molecular markers for carcinogenesis, and DNA damages accordingly. Together, it was proposed that PbS QDs have carcinogenic activity for human kidney cells. These results implied that the toxicity issues should be considered in the development of PbS QDs for biomedical applications.

Based on the biogenic and functional properties of exosomes, the molecular changes in exosomes could provide more significant and effective information on cellular response than those in whole cells. Our results supported this assumption: the proposed pathway induced by PbS QDs based on exosomal biomarkers was identified in the parent cells, and the signal intensification of miRNA expression was inherent to exosomes.

Exosomes are noninvasive biomarkers providing a new paradigm of molecular marker studies, which make possible to monitor the signaling molecules in circulating system by time-series analysis for the same animal or human body. To the best of our knowledge, this is the first in-depth study of exosomal miRNA/protein for toxicological evaluation. It will serve as a starting point to use exosomes for comprehensive screening and prediction of pathological toxicity caused by newly synthesized nanomaterials with various morphology and function.

Supplementary materials
=======================

###### 

Selected protein spots for PMF analysis according to selection criteria.

**Notes:** (**A**) Nineteen spots were increased and (**B**) ten spots were decreased by exposure to PbS--MPA QDs.

**Abbreviations:** PMF, peptide map fingerprint; PbS--MPA QDs, lead sulfide--3-mercaptopropionic acid quantum dots.

###### 

Functional analysis of miRNA biomarkers by ingenuity pathway analysis (IPA) analysis

  Diseases and disorders                *P*-value                 Molecules
  ------------------------------------- ------------------------- -------------------------
  Organismal injury and abnormalities   5.18×10^−8^−4.54×1^−2^    miR-199a-5p, miR-548e
  Reproductive system disease           5.18×10^−7^−1.66×10^−2^   miR-199a-5p, miR-548e
  Cancer                                9.49×10^−3^−1.66×10^−2^   miR-199a-5p, miR-525-5p
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![Characterization of PbS and PbS--MPA QDs.\
**Notes:** (**A**) TEM images, (**B**) particle size distribution, and (**C**) XRD analysis of PbS QDs; (**D**) TEM image and (**E**) DLS analysis of PbS--MPA QDs; FT-IR analysis of (**F**) PbS and (**G**) PbS--MPA QDs. The measurements were performed with toluene-dispersed PbS and PBS-dispersed PbS--MPA.\
**Abbreviations:** PbS, lead sulfide; MPA, 3-mercaptopropionic acid; TEM, transmission electron microscopy; XRD, X-ray diffraction; DLS, dynamic light scattering; QDs, quantum dots; FT-IR, Fourier transform infrared.](ijn-10-5513Fig1){#f1-ijn-10-5513}

![Cytotoxicity of PbS--MPA for human and mouse cell lines.\
**Notes:** Results of Cell Counting Kit-8 (CCK-8) assays conducted to determine growth inhibition by PbS--MPA QDs are shown for (**A**) HEK293 cells and for (**B**) TCMK-1, THP-1, and AML12 cells.\
**Abbreviations:** PbS--MPA, lead sulfide--3-mercaptopropionic acid; QDs, quantum dots.](ijn-10-5513Fig2){#f2-ijn-10-5513}

![Properties of exosomes secreted form HEK293 cells.\
**Notes:** (**A**) Bio-TEM images, (**B**) DLS analysis, and (**C**) expression of molecular markers of exosomes secreted from HEK293 cells.\
**Abbreviations:** TEM, transmission electron microscopy; DLS, dynamic light scattering.](ijn-10-5513Fig3){#f3-ijn-10-5513}

![Fold changes of exosomal biomarkers for PbS--MPA exposure to HEK293 cells.\
**Notes:** (**A**) Fold changes of miRNA biomarkers determined by qPCR. (**B**) Fold changes of protein biomarkers selected by 2D PAGE and PMF were measured by Western blotting. \**P*\<0.05.\
**Abbreviations:** PbS--MPA, lead sulfide--3-mercaptopropionic acid; qPCR, quantitative real-time polymerase chain reaction; 2D PAGE, two-dimensional polyacrylamide gel electrophoresis; PMF, peptide map fingerprint; LRRC23, leucine-rich repeat-containing protein 23; KRT5, keratin 5.](ijn-10-5513Fig4){#f4-ijn-10-5513}

![Comet assay and biomarker expression analysis for PbS--MPA-exposed cells.\
**Notes:** (**A**) Comet assay for measuring DNA damage in cells incubated with PbS--MPA QDs, (**B**) the criteria for scoring the comet assay results, and (**C**) the average score of tailing for each sample. (**D**) mRNA expression as measured by qPCR analysis for p53, IL-8, and CXCL5 (\*\**P*\<0.01; \*\*\**P*\<0.001).\
**Abbreviations:** PbS--MPA, lead sulfide--3-mercaptopropionic acid; QDs, quantum dots; qPCR, quantitative real-time polymerase chain reaction; IL-8, interleukin-8; CXCL5, C-X-C motif chemokine 5.](ijn-10-5513Fig5){#f5-ijn-10-5513}

![Expression of exosomal biomarkers in parent HEK293 cells.\
**Notes:** (**A**) Fold changes of selected miRNAs in parent cells caused by PbS--MPA (\**P*\<0.05). (**B**) Signal intensification for exosomal miRNA levels compared with those of parent cells. Signal intensification was calculated by the ratio of cellular to exosomal fold changes. (**C**) Fold changes of selected proteins in parent cells caused by PbS--MPA (\**P*\<0.05). (**D**) Signal intensification for exosomal protein levels compared with those of parent cells. Because the fold change of KRT5 in exosomes was reverse to that of cellular changes, the ratio was expressed as a negative value.\
**Abbreviations:** PbS--MPA, lead sulfide--3-mercaptopropionic acid; KRT5, keratin 5; LRRC23, leucine-rich repeat-containing protein 23.](ijn-10-5513Fig6){#f6-ijn-10-5513}

###### 

List of miRNA biomarkers and their cancer-related functions

  miRNA             miRBase accession   Cluster seed   Response and function
  ----------------- ------------------- -------------- ------------------------------
  hsa-miR-525-5p    MIMAT0002838        UCCAGAG        (−) hepatocellular carcinoma
  hsa-miR-527       MIMAT0002862        UGCAAAG        (−) colorectal cancer
  hsa-miR-532-3p    MIMAT0004780        CUCCCAC        (−) dent disease
  hsa-miR-548e      MIMAT0005874        AAAACUG        (−) colorectal cancer
  hsa-miR-199a-5p   MIMAT0000231        CCAGUGU        (−) hepatocellular carcinoma

**Note:** (--), Negative correlation between miRNA expression and function.

###### 

Cancer-related biological functions of protein biomarkers

  Accession no    Protein   Function
  --------------- --------- ----------------------------------------------
  gi\|5901898     LRRC23    Increased in breast cancer
  gi\|119617038   KRT5      Cancer biomarker for lung and breast cancers

**Abbreviations:** LRRC23, leucine-rich repeat-containing protein 23; KRT5, keratin 5.
